The mechanical properties of the nucleus are closely related to many cellular functions; thus, measuring nuclear mechanical properties is crucial to our understanding of cell biomechanics and could lead to intrinsic biophysical contrast mechanisms to classify cells. Although many technologies have been developed to characterize cell stiffness, they generally require contact with the cell and thus cannot provide direct information on nuclear mechanical properties. In this work, we developed a flow cytometry technique based on an all-optical measurement to measure nuclear mechanical properties by integrating Brillouin spectroscopy with microfluidics. Brillouin spectroscopy probes the mechanical properties of material via light scattering, so it is inherently label-free, non-contact, and non-invasive. Using a measuring beam spot of submicron size, we can measure several regions within each cell as they flow, which enables us to classify cell populations based on their nuclear mechanical signatures at a throughput of ∼200 cells per hour. We show that Brillouin cytometry has sufficient sensitivity to detect physiologically-relevant changes in nuclear stiffness by probing the effect of drug-induced chromatin decondensation.
Introduction
Cells sense and respond to the mechanical forces of their surrounding microenvironment. As such, cell mechanical properties are involved in almost all cellular functions, such as migration, differentiation, gene expression, and malignant transformation.
1,2 Thus, cell mechanical signatures are promising as biomarkers and diagnostic indicators for underlying disease or treatment response. In the past two decades, many experimental techniques have been developed to assess the mechanical properties of cells, including atomic force microscopy (AFM), 3 micropipette aspiration, 4 magnetic twisting cytometry (MTC), 5 and micro-rheology. 6 In particular, there has recently been great interest in the development of flow cytometry modalities to screen cells based on their mechanical properties. Guck et al. pioneered the optical stretcher, [7] [8] [9] which deformed cells by applying optical forces on the cell body. Recently, Lange et al. 10 and Qi et al. 11 used microfluidic constrictions to estimate cell deformability and fluidity with a throughput of 100 to 10 000 cells per hour. Hur et al. 12 and
Tse et al. 13 employed inertial microfluidics to classify cells based on size and deformability at high throughput. Otto et al. 14 used shear stresses and pressure gradients to deform cells in a microfluidic channel and captured cell images with a high-speed camera to achieve real-time deformability cytometry. By applying an acoustic radiation force to the flowing cells in the channel, Hartono et al. 15 and Li et al. 16 developed acoustic pressure methods either to measure the bulk modulus of cells or to separate cells of different kinds. However, existing methods only provide an average measurement of the mechanical properties of the whole cell and cannot directly assess subcellular structures, such as nucleus. The nucleus has recently emerged as a key interest in cell mechanobiology. [18] [19] [20] [21] [22] [23] [24] [25] Force-induced changes in nuclear shape could result in large-scale reorganization of genetic material within the nucleus. 18 Changes in nuclear stiffness are associated with diseases, such as Huntington-Gilford progeria syndrome. 19 As the largest and stiffest organelle within a cell, the nucleus imposes a major physical barrier for cell migration. 20 For cells to migrate through tissue, the nucleus must undergo complex changes in position, shape, and stiffness in coordination with cytoskeletal dynamics. [21] [22] [23] [24] [25] Thus, nuclear mechanical properties are of great interest because they are closely related to cellular functions and could provide useful biophysical signatures to classify cells. Currently, extracting mechanical properties of the nucleus requires staining, along with additional information and assumptions about how forces are transmitted within a cell. For pristine mechanical information, the nucleus has to be isolated to allow AFM or micropipette measurement, which makes the procedure not suitable for microfluidic platforms.
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In this work, we present a technique that can directly measure nuclear mechanical properties on a microfluidic platform using Brillouin light scattering spectroscopy. Brillouin scattering arises from the interaction of light with acoustic phonons within a medium, and thus depends upon the elastic properties of the medium. 26 Brillouin spectroscopy measures the spectrum shift due to scattering, from which the longitudinal modulus of material can be quantified. Importantly, this information can be gathered without contact and without applying an external force to deform the sample. Until a decade ago, Brillouin spectroscopy relied on scanning Fabry-Perot etalons to acquire high-resolution spectra of Brillouin signatures, 27 which required long acquisition time and high laser power. Recently, the development of Brillouin spectrometers based on virtually-imaged phased array (VIPA) 28 has enabled multiple applications in biomedical sciences, such as the characterization of ocular tissue in vivo, [29] [30] [31] the measurement of fibrous proteins of the extracellular matrix, 32 and the mapping of cell mechanical properties. [33] [34] [35] Here, to probe nuclear mechanical properties of flowing cells, we combined a VIPA-based Brillouin microscope of submicron spatial resolution with microfluidics. The Brillouin measuring beam is fixed within a microfluidic channel and intracellular mechanical properties are measured as cells flow through the channel. This results in a flow cytometry technique for nuclear mechanics that is inherently label-free, non-contact and non-invasive.
Experimental methods

A. Relationship between Brillouin shift and standard elastic moduli
The measured Brillouin frequency shift v B is linked to the longitudinal modulus M′ (the ratio of uniaxial stress to uniaxial strain) of a material by the relationship (1) where n is the refractive index of the material, λ is the wavelength of the light source, ρ is the density of the material, and θ is the angle between the incident and scattered light. Since we collect the backward scattering light in this work, θ = π. For cell measurements, the ratio of the density and refractive index is approximately constant, 33 which means the measured Brillouin shift is proportional to the longitudinal modulus of the subcellular region. For crystalline materials, the longitudinal modulus is related to the Young's modulus E′ and Poisson's ratio σ by M′ = E′(1 − σ)/ (1 + σ)(1 − 2σ). In soft matter such as biopolymers, biological tissues, and cells, the relationship between the longitudinal modulus extracted by Brillouin measurements and the Young's or shear moduli is not established. Empirically, we previously found that the longitudinal modulus has a log-log linear relationship to the conventional Young's modulus through logĲM′) = a logĲE′) + b, where a and b are materialdependent coefficients. 29 Thus, the relationship between relative changes in the longitudinal modulus and Young's modulus can be approximated by δE′/E′ = (1/a)δM′/M′. For 3T3 cells, the factor (1/a) has been measured to be around 15. 33 In this paper, we report all data in terms of the Brillouin shift, as this is the direct experimental metric we measure.
B. Experimental setup
The experimental setup is shown in Fig. 1 . An 11 mW singlemode linearly-polarized 532 nm cw laser (Torus, Laser Quantum) was used as light source to probe Brillouin scattering. The laser beam was focused into the centre of the microfluidic channel by an objective lens O1 (NA = 0.6, magnification: 40×) yielding a spot size of ∼0.5 μm (transverse) by ∼2 μm (axial). The backward scattered light was collected by the same objective lens. The scattered light was then coupled into the Brillouin spectrometer by a fibre coupling lens FC.
To minimize losses within the microscope, we used a combination of polarized beam splitter (pBS) and quarter-wave plate (QWP) so that all vertically-polarized laser light was reflected off the pBS to reach the sample, and all the scattered light was transmitted by the pBS to reach the spectrometer. The Brillouin spectrometer consisted of a two-stage VIPA in cross-axis configuration, similar to previous reports. 30, 33, 36, 37 To guide the data acquisition, on the top side of the microfluidic channel, we built a bright-field/fluorescence microscope that monitored the flow of cells inside the channel. For these modalities, we generally used a red (660 nm) illumination LED light source and a long-pass emission filter (FEL0600, Thorlabs) so that all residual Brillouin laser components were blocked. The location of the focused laser beam was predetermined by removing the long-pass filter. To block the red LED light from bleeding through the Brillouin channel, a narrow-band filter (FL532-10, Thorlabs) was placed in front of the Brillouin spectrometer. A home-built LabVIEW program synchronized the CCD camera and the Brillouin spectrometer; this enabled us to co-register the acquired data of the spectrometer with the bright-field image and extract the subcellular mechanical properties with high spatial accuracy. During the experiment, the sampling time of the spectrometer was set to 50 ms.
C. Microfluidic device
The chip (microfluidic ChipShop GmbH) was made of PMMA, with a base thickness of ∼2 mm and lid thickness of 0.175 mm, and the overall size was 25.4 mm by 76.2 mm. It had a single straight channel with a sheath flow configuration at the inlet. The channel had dimensions of 150 μm (width), 50 μm (depth), and 50 mm (length). The inlet of the channel had three sub-channels. The middle one was for the sample stream and the side two were for sheath streams. The chip was placed on a 2D stage of the microscope (IX81, Olympus) and connected to a syringe pump (Harvard Apparatus) that delivered the cell suspension into the channel. A second syringe pump was used to deliver sheath streams from the side-channels to establish sheath flow. By tuning the relative flow rate of the sheath streams and sample stream, the cells were aligned into the centre of the channel. In these experiments, the flowing velocity was about 40 E. Data acquisition and post-processing Fig. 2A -C show snapshots captured by the bright-field microscope as a cell flows through the microfluidic channel from top to bottom. The arrow and white dot indicate the location of the laser beam spot. Fig. 2D shows the Brillouin signal recorded in real-time. Before the cell reaches the laser beam spot ( Fig. 2A) , the spectrometer senses the Brillouin signature of the PBS buffer medium (indicated as time t 1 in the figure).
As the cell crosses the measuring beam spot (Fig. 2B) , the Brillouin signal spikes (time t 2 ), indicating the greater stiffness of the cell compared to the surrounding medium. After the cell has passed through the beam spot, the spectrometer reverts to recording the Brillouin signature of the medium (time t 3 ). Therefore, the continuous time-trace raw data contains the signatures of both the cells and medium, which are separated in post-processing. The diameter of suspended cells varied from 10 μm to 15 μm, thus 4 to 5 points per cell could be measured as cells flowed across the beam spot. This journal is © The Royal Society of Chemistry 2017
Data processing was carried out by home-written codes based on MATLAB (MathWorks) platform. The Brillouin spectrometer was pre-calibrated using standard materials, and the measurement sensitivity was determined to be ∼0.01 GHz. From the time-trace raw data of Fig. 2D , we created a histogram picturing the distribution of frequency shifts collected during an experimental run and used this histogram to extract the mechanical signatures of cells by fitting the distributions. Fig. 3 illustrates this procedure. We ran a suspension of normal 3T3 cells through the channel. Fig. 3A shows the histogram of an experimental run corresponding to the data captured from 577 flowing cells. The leftmost peak of the histogram is the signature of PBS buffer medium, which is constant throughout all experimental runs and can be easily removed by fitting a normal distribution with a mean Brillouin shift of 7.51 GHz (Fig. 3B) . After fitting and removing the data corresponding to the PBS buffer, we obtained the histogram shown in Fig. 3C , in which the Brillouin signature of the cells reveals two characteristic peaks. To fit the cell data, we used a linear superposition of two normal distributions, and the results are indicated by the solid curves of Fig. 3C . We obtained central frequencies at 7.57 GHz and 7.80 GHz, respectively. As it is expected that the nucleus is the stiffest component of a cell, 20, 33 we hypothesized that the 7.80 GHz peak fitted by the orange curve was the signature of nucleus, while the blue curve represented the signature of the cytoplasm. We proved this hypothesis true by fluorescently labelling the nucleus in sec. 3B. We used this same fitting procedure in all the experiments of this paper to extract cell signatures.
Results and discussions
A. Flow data represents cell population mechanics
In our setup, as cells flow through the channel and are probed by a submicron-sized beam spot, a few points per cells are sampled. After measuring hundreds of cells, Brillouin flow cytometry enables building a characteristic distribution of Brillouin shifts within the cell population under study. First, we tested that this distribution is indeed indicative of the mechanical properties of the cell population under examination.
To do so, we compared the distribution obtained through Brillouin flow measurements and the distribution extracted from comprehensive Brillouin cell images. Suspended cells generally feature a rounded shape. With sheath flow, we can align the centre of the cells to the location of the focused beam spot as cells flow through the microfluidic channel. Thus, when a cell passes across the fixed laser beam spot, a line through the centre of the cell will be sampled. However, because the depth of the channel is larger than the cell size, not all cells will be sampled through their centre in the depth direction. As a result, when averaging over the whole cell population, we expect the flow data to represent equivalent information to cross-sectional Brillouin images.
To verify this expectation, we collected Brillouin images of cross sections of static cells. We first delivered the cell suspension into the microfluidic channel slowly using a syringe pump. Once the cell suspension filled the channel, the pump was stopped. After several minutes, the cells settled to the bottom of the channel, still keeping their rounded shape. The height of the laser beam spot was then adjusted to the centre of the cell, and 2D scanning was performed by moving the stage of the microscope. The step size of the scan was set to 0.5 μm in both dimensions. The scanning was done automatically by a home-made LabVIEW program. We obtained 2D Brillouin images of 29 cells, as shown in Fig. 4A . From the whole set of images, we extracted a histogram featuring the distribution of stiffness values within all the cells (Fig. 4B) , which represents the overall mechanics of cell population. For comparison, we also plotted the distribution of the flow data in Fig. 4C (i.e. Fig. 3C) . By comparing the distributions obtained with the two methods, i.e. the 2D image data and the flow data, we found they provided the same signatures: both feature two peaks, with the same central Brillouin shifts at 7.57 GHz and 7.80 GHz. We also ran a twosample Kolmogorov-Smirnov test and confirmed no statistically significant difference between the two distributions (p-value < 0.05). We are thus confident that the flow data truly reveals information about the mechanical properties of the cell population.
B. Identification of nuclear signature by fluorescence image
As previously mentioned, in our histograms, we observed a characteristic distribution of intracellular mechanical properties featuring two peaks, which we ascribed to the nucleus and the cytoplasm. To prove that the two peaks in the distribution indeed correspond to cytoplasmic and nuclear signatures, we used fluorescent dye to stain the nucleus of cells, and then acquired co-registered bright-field fluorescence and Brillouin images. This enabled us to build separate distribution plots for the nucleus and cytoplasm based on the colocalized fluorescent signal. Fig. 5 shows a representative result of this experiment. By analysing the merged image of the bright-field and fluorescence with Brillouin image, we easily separated the Brillouin signature of the nucleus from that of the cytoplasm and obtained two separate histograms. We then plotted the data distribution obtained from the Brillouin image alone without fluorescent labels and fitted a two-peak distribution curve as described in sec. 2E. To compare the two procedures, in Fig. 5 , we plotted the two histograms for the nucleus (yellow histogram) and cytoplasm (blue histogram) and superimposed the curve obtained by labelfree Brillouin fitting (solid curves). The match between the two procedures is evident; for quantitative comparison, we fitted the yellow and blue histograms based on normal distributions and obtained peaks of 7.60 GHz and 7.82 GHz for the cytoplasm and nucleus respectively; these values are within the instrument sensitivity when compared to the label-free Brillouin fitted values of 7.60 GHz and 7.81 GHz. We thus verified that the two peaks of the flow data can be used as a representation of the signatures of nucleus and cytoplasm, respectively. As expected, the area under the histogram curves is proportional to the size of nucleus and cytoplasm. The ratio of the areas of the nucleus (yellow) and cytoplasm (blue) in Fig. 5 is about 0.8 : 0.2, which corresponds to a diameter ratio of 0.89 : 0.11, consistent with the merged image in Fig. 5(iii) . This figure also shows that Brillouin signatures could be integrated with fluorescence measurements. Combining Brillouin and confocal fluorescence microscopy, can improve the ability to mechanically phenotype specific subcellular components.
C. Chromatin decondensation softens nucleus
To demonstrate the potential impact of our new technology, we used Brillouin flow cytometry to characterize the change in mechanical properties of the nucleus caused by chromatin decondensation, as induced by TSA, a histone deacetylase inhibitor. Chromatin is the complex of DNA and proteins that makes up chromosomes within the nucleus. Several contact-based mechanical studies have recently found that the level of chromatin condensation affects the stiffness of the nucleus: chromatin decondensation results in the reduction of the stiffness of the nucleus [38] [39] [40] and conversely, chromatin condensation leads to a stiffer nucleus. 41 Both control and TSA treated cells were first prepared according to sec. 2D, and then ran on the Brillouin flow cytometer. We collected data from a population of 353 control cells and 356 treated cells. By comparing Fig. 6A with Fig. 6B , the Brillouin shift of the nucleus (orange curves) moved from 7.80 GHz to 7.71 GHz after TSA treatment; this corresponds to a highly statistically significant reduction in Brillouin shifts compared to control cells (p-value < 0.0001). On the other hand, the Brillouin shift of the cytoplasm (blue curves) remained nearly unchanged (∼7.56 GHz), as expected given that the cytoplasm is not affected by TSA. This result indicates distinct softening of the nucleus with chromatin decondensation easily captured by Brillouin technology. To quantify the TSA-induced softening, the measured change of nuclear Brillouin shift corresponds to a relative change in longitudinal modulus δM′/M′ = 2.31%, which would correspond to a relative change of Young's modulus δE′/E′ ≈ 34.4%. This is consistent with previous results obtained with optical stretcher, which estimated a TSA-induced decrease in nuclear stiffness as large as 50% in embryonic stem cells. 40 
Conclusions
In conclusion, we reported a new flow cytometry method to identify nuclear mechanical signature of cells using on-chip Brillouin spectroscopy. Our novel technique provides a labelfree, non-contact, and non-invasive method to measure the nuclear mechanical properties of cell populations, with an overall throughput of about 200 cells per hour. Currently, the throughput is mainly limited by the sampling rate of the Brillouin spectrometer, as it takes ∼50 ms to record the spectrum at one location of a cell with high signal to noise ratio. Throughput improvements can be achieved by switching the laser wavelength from green to near infrared, as cells have much less absorption at longer wavelength, or by using stimulated Brillouin scattering. 42, 43 Another improvement to the current setup could be the microfluidic focusing. Our sheath flow technique only aligns cells in horizontal plane. The potential misalignment in the vertical direction may introduce an artificial broadening of the histogram distribution and thus reduce the sensitivity of the measurement. To address this issue, recently developed hydrodynamic focusing techniques, such as inertial microfluidics, [44] [45] [46] [47] [48] [49] 3D symmetric focusing 50, 51 and surface acoustic wave microfluidics, 52 could be used.
To validate our method, we used Brillouin flow cytometry to evaluate the effect of chromatin decondensation on the stiffness of the nucleus and found distinct softening of the nucleus. Since changes of nuclear stiffness are involved in many important activities of the cell, such as migration, differentiation and malignant transformation, our technology has the potential to find a wide range of applications in cell mechanobiology. 
